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When the cytochrome be/fcomplex from chloroplasts is incorporated into liposomes, reduction of external 
plastocyanin by plastoquinol is stimulated under uncoupling conditions. An extra H+/e- is ejected from 
the vesicles during the reaction, in addition to the scalar proton liberated from plastoquinol. This is 
stimulated by valinomycin/K+ and abolished under uncoupling conditions. Furthermore, the formation 
of a membrane potential during the reaction, negative inside the vesicles, is observed with the help of 
carbocyanine dyes. We conclude that the cytochrome bdf complex, like the cytochrome bcl from 
mitochondria, functions as an electrogenic proton translocator. 
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1. INTRODUCTION 
Oxidation of ubiquinol by cytochrome cl in the 
membranes of mitochondria and photosynthetic 
bacteria is catalyzed by the cytochrome bci com- 
plex, which comprises two hemes b, one heme c, an 
iron-sulfur center and possibly one bound ubi- 
quinone [l-4]. The complexes have been isolated 
in functional form from mitochondria of several 
organisms [ 1,5-71 and from Rhodopseudomonas 
sphaeroides GA [S]. When the mitochondrial com- 
plex was reconstituted into liposomes reduction of 
external cytochrome c by ubiquinol was stimulated 
by uncouplers [9,10], and vectorial proton trans- 
location out of the vesicles was observed, in addi- 
tion to the scalar protons liberated during quinol 
oxidation [9- 111. 
A similar complex with identical redox-center 
composition catalyzes the oxidation of plasto- 
quinol by plastocyanin in the chloroplast mem- 
brane [ 12- 151. This cytochrome ha/f complex has 
been isolated and characterized [ 16-201. 
Here, we report on the reconstitution of isolated 
cytochrome be/f complex into liposomes. As with 
the mitochondrial complex, stimulation of oxi- 
doreductase activity by uncouplers and extra pro- 
ton translocation is found. In addition, the forma- 
tion of a membrane potential during plastoqui- 
nol-plastocyanin oxidoreduction is detected with 
the help of carbocyanine dyes [21,22]. 
2. METHODS 
* To whom correspondence should be addressed 
Abbreviations: diO-Cs-(3), 3,3’-dipentyloxacarbocya- 
nine; diS-C3-(S), 3,3’-dipropylthiadicarbocyanine; 
DNP-INT, 2-iodo-6-isopropyl-3-methyl-2’) 4,4’-trini- 
trodiphenyl ether; FCCP, carbonyl cyanide p-trifluoro- 
methoxy-phenylhydrazone; HEPES, N-Zhydroxyethyl- 
piperazine-N’-ethanesulfonic acid 
The cytochrome be/f complex from spinach 
chloroplasts was prepared as in [16] with the omit- 
tance of Triton X-100 in the final sucrose density 
gradient [ 191. The cytochrome bh/f complex used 
in the reconstitution experiments was suspended in 
30mM octylglucoside, 0.5% cholate, 30mM 
Tris-succinate (pH 6.5), 0.1% soybean lecithin 
and 18% (w/v) sucrose. 
Proteoliposomes were prepared by sonication. 
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For the procedure, 0.45ml cytochrome b,df com- 
plex, 25pM in cytochromef, was mixed with 50mg 
soybean lecithin (Sigma) and sonicated for 5 min in 
a small violax tube with a Branson sonicator using 
the microtip with full output at position 1. The 
tube was cooled with ice water during sonication. 
After sonication proteoliposomes were further in- 
cubated for 1 h on ice before the experiments were 
started. 
Reduction of plastocyanin (590-500 nm, e = 
4.2 mM_’ . cm-‘) was measured as in [16], with an 
Aminco DW 2 spectrophotometer, in 2.3m1, at 
20°C with stirring. The reaction was started by ad- 
dition of plastoquinol-1 or ubiquinol-1 in ethanol. 
The detailed reaction mixtures are given in the 
legends. If proton release was measured simul- 
taneously to plastocyanin reduction, a pH-elec- 
trode (Ingold, FRG) was installed into the stirred 
cuvette. The response time of the electrode was 
4-times faster than the fastest proton-release rates 
measured. The amount of protons released was 
calibrated by addition of known amounts of acid. 
The initial rates of proton release and plastocyanin 
reduction were corrected for the uncatalyzed rates 
(fig. 1) to obtain H+/e- stoichiometries or oxida- 
tion control ratios (table 1). The formation of a 
membrane potential was measured with the help of 
the carbocyanine dyes diO-CT-(3) or diS-Cs-(5) 
[21,22] as specified in the legends to fig. 2 and 
fig. 3. 
3. RESULTS AND DISCUSSION 
The incorporation of the cytochrome be/f com- 
plex into lipid vesicles by sonication was tested by 
centrifugation on sucrose density gradients. More 
than 90% of the material banded as a distinct, 
brownish zone between the densities characteristic 
for free complex and plain liposomes. Negatively 
stained proteoliposomes appeared in electron 
micrographs as vesicles with diameters of 
40-80 nm. 
Traces of plastocyanin reduction by plastoqui- 
no1 and concomitant proton release, catalyzed by 
cytochrome bdf liposomes are shown in fig. 1. 
The reduction rate was stimulated by valinomycin, 
and even more by valinomycin/nigericin - a com- 
bination which totally dissipates electrochemical 
proton potentials across membranes. Proton 
release was also stimulated by valinomycin/- 
212 
Fig. 1. Simultaneous measurement of plastocyanin 
reduction and proton release by the cytochrome bh/f 
complex in liposomes. The measurements were done as 
in section 2. The reaction mixture contained in 2.3m1, 
50mM NaCI, IOmM KCl, 4.7pM plastocyanin and pro- 
teoliposomes equivalent o 53 nM cytochromef. The pH 
was adjusted to 6.9. The reaction was started by addition 
of plastoquinol-1 to 17pM (-). Where indicated 
valinomycin (val; Calbiochem) and nigericin (nig; Eli 
Lilly/Indianapolis) were present in OSpg/ml. Controls 
were run in the absence of cytochrome be/f liposomes 
(-be/A. 
nigericin, but even more so by valinomycin 
alone leading to an overshoot of acidifica- 
tion. Initial rates of plastocyanin reduction 
and proton release catalyzed by free and incor- 
porated cytochrome ba/fcomplex are compared in 
table 1. These were recorded at higher chart speeds 
than shown in fig. 1. With the free complex the 
rates were slightly inhibited by valinomycin which 
could reflect its reported inhibitory effect on 
chloroplast electron transport [23]. Also FCCP 
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Table 1 
Comparison of plastocyanin reduction and proton release with free and incorporated cytochrome 
bdf complex 
Addition 
(A) Free cytochrome 
bdf complex 
no addition 
+ val. 
+ val./nig. 
Rate of 
plastocyanin 
reduction 
36.0 
31.5 
33.9 
Oxidation 
control 
ratio 
- 
0.88 
0.94 
Rate of 
H+ release 
34.0 
27.9 
34.8 
H+/e- 
0.94 
0.89 
1.02 
(B) Incorporated cytochrome 
bdf complex 
no addition 14.3 - 22.0 1.53 
+val. 39.8 2.78 15.3 1.89 
+ nig. 16.5 1.15 17.2 1.04 
+ val./nig. 49.9 3.48 55.4 1.10 
+ FCCP 39.3 2.74 49.9 1.26 
+x-100 36.1 2.52 42.9 1.19 
The conditions of measurements are given in section 2 and in fig. 1. Initial rates of plastocyanin 
reduction and proton release are given in pmol . nmol cytochrome ff ’ . h- ‘. ‘Oxidation control ratio’ 
stands for the ratio of initial plastocyanin reduction in the presence and absence of the additions 
indicated in the first column. H+/e- ratios were obtained by dividing the initial rates of proton 
release by the initial rates of plastocyanin reduction. Additions where indicated were: valinomycin, 
0.5pg/ml; nigericin, O.Spg/ml; FCCP (Boehringer) 5pM; Triton X-100,0.05%; ethanol was always 
present to 0.1% 
and Triton X-100 [16] inhibited slightly (not 
shown). The stoichiometry of proton release to 
plastocyanin reduction calculated from the initial 
rates was always close to 1 with the free complex, 
according to 1 H+/e- liberated from plastoquinol. 
The reduction rate catalyzed by the vesicular com- 
plex was comparatively low, but was stimulated by 
valinomycin/nigericin even beyond the rate 
observed with the free complex. Also the un- 
coupler FCCP or dissolution of the vesicles 
stimulated by Triton X-100. Valinomycin alone in- 
creased the rate substantially, while nigericin alone 
was only slightly stimulatory, which suggests that 
the reaction is predominantly under control by a 
membrane potential, and less by a pH-difference 
across the membrane. The highest oxidation con- 
trol ratio comparing the initial rates in the presence 
and absence of valinomycin/nigericin was 3.5. 
This is less than reported for the mitochondrial 
cytochrome bcl complex [9], which could be ex- 
plained by the IO-fold higher maximal rates 
observed in this system. In the presence of 
valinomycin -2 H+/e- are released during plasto- 
quinol/plastocyanin oxidoreduction catalyzed by 
cytochrome b,df liposomes, when initial rates are 
compared. In 7 experiments a ratio of 1.98 f 
0.20H+/e- was determined. This shows that, in 
addition to the liberation of a scalar proton from 
plastoquinol during oxidation, an extra proton is 
released from the vesicles. Also in the absence of 
valinomycin > 1 H+/e- are released, although no 
overshoot of acidification is observed (fig. 1). The 
release of the extra proton is inhibited by nigericin, 
uncoupler or detergent. These findings are strik- 
ingly similar to the results obtained with the mito- 
chondrial cytochrome bcl complex in liposomes 
[9-111. 
Reconstitution of oxidation control was also ob- 
tained with cytochrome beif 
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Fig. 2. Membrane potential formation during oxidation 
of plastoquinol-1 or ubiquinol-1 by plastocyanin in pro- 
teoliposomes containing the cytochrome be/f complex. 
The reaction mixture contained in 2.3 ml, 50mM NaCl, 
1OmM KCI, 3.6aM plastocyanin, 2.2pM of the carbo- 
cyanine diO-Cs-(3), and lOpI proteoliposomes contain- 
ing 1 mg lipid and 36pg protein corresponding to 108 nM 
cytochromef. The pH was adjusted to 6.9. The reaction 
was started by the addition of either plastoquinol-1 (-) 
or ubiquinol-1 (a) to 18,uM. Absorption changes were 
measured at 500-480nm. In the upper trace KC1 (to 
60mM) and valinomycin (val.; to O.l7pg/ml) were add- 
ed, followed by the addition of dilute buffer in the same 
volume as KC1 to indicate the dilution effect. The other 
additions indicated were made before injection of 
quinol. Nig, Val and AA stand for nigericin, 
valinomycin and antimycin A, respectively. The last 
trace was run in the absence of indicator dye. The initial 
rates of plastocyanin reduction by plastoquinol, or ubi- 
quinol were 8.5 and 8.0pmol. nmol cytochromef’ . h-‘, 
respectively. Addition of uncoupling concentrations of 
valinomycin plus nigericin (table 1) stimulated the rates 
to 33 and 15, respectively. 
The formation of a membrane potential during 
reduction of plastocyanin by plastoquinol in the 
cytochrome be/f liposomes is indicated by the ef- 
fect of valinomycin (fig. 1, Table 1). More direct 
evidence for it was obtained using the carbocyani- 
ne dyes diO-G(3) and diS-C&5), which are suit- 
able indicators of negative membrane potentials in- 
side lipid vesicles [21,22]. Recently, diS-G-(5) has 
been successfully employed to indicate membrane 
potential formation by the cytochrome o complex 
from E. coli reconstituted into liposomes [25]. 
Both carbocyanines were suitable in our system. 
Oxonol VI, which is the indicator of choice for 
positive membrane potentials inside the vesicles 
[26,27], gave no response. 
In fig. 2, the transient membrane potential is 
reflected by absorption changes of diO-G(3) dur- 
ing reduction of plastocyanin by plasto- or ubi- 
quinol-1 . The absorption change corresponds to an 
electric field negative inside the vesicles. This is in- 
dicated by an absorption change of the dye into the 
opposite direction caused by a diffusion potential, 
positive inside the liposomes, induced by addition 
of external K+/valinomycin (fig. 2, upper). The 
transient extent of the membrane potential during 
oxidoreduction is stimulated by nigericin and in- 
hibited by valinomycin. It is inhibited but still 
observable by the electron transport inhibitor 
DNP-INT, at concentrations which inhibited 
plastocyanin reduction below the uncatalyzed reac- 
tion with plastoquinol-1 (fig. 1). Probably the 
direct reaction is suppressed in the presence of the 
cytochrome bdf complex. Like the extra proton 
release (table l), membrane potential formation is 
fully inhibited by 2pM FCCP, 0.1% Triton X-100, 
2,uM gramicidin, 40pM 2-heptyl-4-hydroxyquino- 
line-N-oxide (HQNO) and 20pM 5-(n-undecyl)- 
6-hydroxyl-4,7-dioxobenzothiazole (UHDBT). It is 
insensitive to myxothiazol. No potential-indicating 
absorption changes occurred with the free 
cytochrome bh/fcomplex, or with plain liposomes, 
not even at pH8.0 where the direct reduction of 
plastocyanin by plastoquinol-1 was faster than the 
catalyzed reaction at pH6.9. Ubiquinol-1 is also 
accepted as electron donor by the cytochrome bdf 
complex [16], although the oxidoreductase activity 
with cytochrome ba/fliposomes was < 0.5 the one 
with plastoquinol-1 under uncoupled conditions. 
Correspondingly, the transient membrane poten- 
tial formation was smaller (fig. 2, lower traces). In- 
214 
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terestingly, antimycin A drastically inhibited mem- 
brane potential formation at concentrations which 
hardly affected oxidoreduction. This is just the op- 
posite behavior to DNP-INT. In control ex- 
periments antimycin A was found not to cause an 
additional leak in the vesicles (not shown). The dye 
diS-C3-(5) gave identical responses at the 
wavelength combination 683-660 nm, which is 
especially suitable when cytochrome c-552 from 
Euglena gracilis was used as an alternative electron 
acceptor ([ 161; not shown). To estimate the size of 
the transient membrane potential in our system 
negative diffusion potentials inside the vesicles 
5 80 mV 
d 0,Ol 
5: 
-3 
Fig. 3. Calibration of the carbocyanin absorption 
changes in proteoliposomes containing the cytochrome 
be/f complex by K+-diffusion potentials. Proteolipo- 
somes were prepared by the sonication procedure in sec- 
tion 2 except for the inclusion of 150mM KC1 in the 
medium. The assay mixture contained in 2.3 ml: 60 mM 
NaCl, 18% (w/v) sucrose, lop1 proteoliposomes, 2.2,uM 
diO-Cs-(3) and KC1 at concentrations which should lead 
to the diffusion potentials given along the abscissa. The 
absorption changes (500-480 nm) induced by addition of 
valinomycin (O.l7pg/ml) are plotted against the 
calculated membrane potentials. The bar at 80mV cor- 
responds to the peak of the absorption change observed 
in fig. 2 (upper trace). 
were generated by addition of valinomycin to 
cytochrome ba/fliposomes, preloaded with KCl, at 
various external KC1 concentrations. The observed 
absorption changes of diO-Cs-(3) are plotted 
against the calculated diffusion potentials in fig. 3. 
From this graph 80mV can be estimated for the 
size of the transient membrane potential during 
reduction of plastocyanin by plastoquinol-1 (fig. 2, 
upper trace). 
These experiments allow us to conclude that, as 
found for mitochondrial cytochrome bcr com- 
plexes, electrogenic extra proton translocation is a 
basic feature of the isolated cytochrome be/f com- 
plex from spinach chloroplasts, oxidant-induced 
reduction of cytochrome b6 as in [l&20]. Both 
features are not readily observed in the parent 
chloroplast membrane [ 141. However, conditions 
for measuring extra proton translocation [28,29], a 
slow rise of the electric field [30,31], and redox 
changes of cytochrome bg [32] probably reflecting 
oxidant-induced reduction of cytochrome bg, all 
attributable to the function of plastoquinol-plas- 
tocyanin oxidoreductase, have been established. 
Since we now know that these are properties of the 
basic functional mode of isolated plastoqui- 
nol-plastocyanin oxidoreductase, any loss of these 
properties in the chloroplast, if physiological, 
would require the regulatory action of additional 
components. 
Oxidant-induced reduction of cytochrome b and 
extra proton translocation by isoprenoid qui- 
nol-cytochrome c (or plastocyanin) oxidoreduc- 
tases have led to the formulation of the Q-cycle to 
explain their reaction mechanism [33]. An alter- 
native is the b-cycle which requires a proteinaceous 
proton pump [34]. We hope that the cytochrome 
bdf complex, because of its relative simplicity, 
might lend itself to decide between the different 
views. 
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